Schaffer collateral/CA1 synapses. We show that-in keeping with earlier results-an LTP-inducing stimulus leads to the growth of new spines. Importantly, we now Introduction also demonstrate that low-frequency stimulation results in morphological plasticity, by a clear and statistically The ability to undergo activity-dependent changes in synaptic strength is a hallmark of many neurons in the significant loss of spines. In addition to these changes, we also find a constant stimulus-independent loss of mammalian central nervous system. Such synaptic plasticity has been intensely studied in the hippocampus, spines, which we think can be explained physiologically rather than by "run down" of the slice culture. Finally, and it is hypothesized that changes in functional connectivity underlie cognitive functions such as learning we explore the age dependence of activity-dependent morphological plasticity and observe that neurons from and memory ( 
mice. Imaging at 30 min intervals, we determined the
To test whether TBS led to a significant increase in spine number beyond that attributable to baseline spinogentime course of dendritic spines that appeared and disappeared following electrical stimulation of Schaffer collatesis, we compared the total numbers of newly grown spines after TBS and under unstimulated control condierals using two different stimulation protocols. Figure  1A shows fluorescent CA1 pyramidal neurons, the red tions. Three hours after TBS, the number of new spines per 100 m of dendrite was 1.01 Ϯ 0.17 spines (n ϭ 6) rectangle indicating a typical region of interest on the apical dendrite, containing the fluorescent tip of the compared to a baseline value of 0.2 Ϯ 0.15 (n ϭ 8) (p ϭ 0.0043; two-tailed Student's t test). The stimuluselectrode (green circle) used for extracellular stimulation. Figure 1B shows a raw image of a stretch of deninduced spine growth peaks (as indicated by the steepest part of the curve) at about 2 hr after the stimulation and drite, and Figure 1C shows the same image after processing, illustrating the improvement in image quality levels out at about 3 hr. Together, these data are in agreement and in support of earlier studies showing achieved by Kalman-averaging, filtering, and volume rendering.
that LTP-like stimulation can result in the generation of new spines (Engert and Bonhoeffer, 1999; Toni et al.,
1999; Jourdain et al., 2003). Theta Burst Stimulation Induces Spine Growth
We also quantified the population of spines that first Initially, we wanted to confirm that TBS, which is classiemerged and then disappeared, termed "transient cally associated with N-methyl-D-aspartate (NMDA) respines." No differences (see Figure 2D , gray symbols ceptor-dependent LTP at the Schaffer collateral synand lines) were detected in the rates at which transient apses, is effective at inducing new spines on CA1 spines were created during the unstimulated condition pyramidal neurons. Using local field stimulation, we and after TBS. Most transient spines were present only found that dendritic spine growth could indeed be inat one data point, indicating that they are relatively duced by a stimulating electrode positioned in the vicinshort lived. ity of a dendrite. Figures 2A and 2B show representative images from different time series of volume-rendered image stacks before and after TBS stimulation, illustratTheta Burst Stimulation Does Not Induce Spine Retraction ing the morphological changes that we observed. Figure  2D shows the quantitative analysis of 14 such experiAll of these earlier studies focused on the question of whether an LTP-like stimulus leads to the formation of ments, with the number of new spines per 100 m of dendrite plotted against time (solid black circles). As a new spines. We also investigated the possibility that TBS, in addition to producing new spines, also leads to control, the number of new spines that appeared without any electrical stimulation is plotted as solid red squares.
the retraction of existing spines. The open symbols in . We therefore repeated the LFS experiments using to the baseline spine loss that is described in Figure 2D . The data for the LFS show a markedly greater spine older slices cultures that had been cultured for varying times ranging from 28 to 54 days in vitro (DIV). We comloss within 3 hr after the stimulation (2.52 Ϯ 0.43; n ϭ 8), which is significantly different from the control case pared the numbers of spine retractions after LFS between the older cultures with those from the original without stimulation (0.9 Ϯ 0.23; n ϭ 8; p ϭ 0.0074) and APV application with stimulation (0.51 Ϯ 0.29; n ϭ 5; experiments, (DIV 9-18). The effect of the stimulus on spine retractions is quantified in Figure 4A , showing that p ϭ 0.0046) over the same time window. Whereas these data quite clearly show that LFS-induced spine retracthe number of spine retractions per 100 m of dendrite in the older slice cultures is reduced by about 65% tion is dependent on NMDA receptor activation, they also imply that the baseline spine retractions are indecompared to the younger ones (0.89 Ϯ 0.26, n ϭ 8 versus 2.52 Ϯ 0.43, n ϭ 8, t 240 Ϫ t 60 , p ϭ 0.0078, two-tailed pendent of NMDA receptor activation.
To be able to characterize in greater detail the kinetics Student's t test). We also quantified the loss of spines under unstimulated conditions in the older slice cultures cultures exhibit bidirectional activity-dependent morphological plasticity. Using time-lapse TPLSM of GFPto be able to assess the degree of baseline loss as a positive neurons, we imaged the dendritic structure function of the age of the slice culture. Similar to the before and after extracellular electrical stimulation and LFS experiments, the baseline spine loss is markedly assessed its plasticity by counting the numbers of reduced by about 65% in the older slice cultures comspines that grew or retracted. Our data show that spines pared to younger ones (0.31 Ϯ 0.13, n ϭ 5 versus 0.90 Ϯ can grow de novo or disappear completely depending 0.23, n ϭ 8, p ϭ 0.049), indicating that spines are generon the stimulation protocol. Whereas a stimulus that is ally more stable in older cultures. Figure 4B shows the classically used to induce LTP at the Schaffer collateral entire set of experiments using the LFS protocol, dissynapses (Larson et al., 1986) leads to spine formation, playing the number of spines lost 3 hr after the stimulawe now find that LFS normally used to induce LTD (Dution for each experiment against the respective age of dek and Bear, 1992; Mulkey and Malenka, 1992) induces the slice culture. The straight line is a linear regression spine retractions. through the data, revealing a significant correlation (r ϭ
The earlier studies on spine formation were careful to 0.69, p ϭ 0.0037). This indicates that the ability of neustate that spinogenesis cannot necessarily be equated rons to retract spines in an activity-dependent way inwith synaptogenesis. Even if the formation of spines deed decreases with age. leads to new synapses, it is not clear whether these spines actually make contact with the correct presynapDiscussion tic fibers to support the synaptic enhancement that generated them. The case is similar for spine retraction, We have demonstrated that dendritic spines of hippowhere it is also possible (1) that the retracted spines do not eliminate their synapses but that a synaptic conneccampal CA1 pyramidal neurons in organotypic slice tion is maintained on the dendritic shaft, and (2) that podia. This is in line with a report from our own laboraeven if synapses are eliminated, it is not clear whether tory, which showed that "pairing" of pre-and postsynapthey were part of the connections that underwent LTD. tic activity under a local superfusion paradigm causes It is therefore an open question whether the activitythe growth of new spines after the induction of synaptic dependent loss of spines provides a structural basis for plasticity (Engert and Bonhoeffer, 1999). However, the LTD. Since LTD is usually expressed with little delay after number of new spines after LTP-inducing stimulation LFS, the fact that stimulus-induced spine retractions still reported in this earlier study is higher than what we occur well after the stimulus may instead point to a report here. A potential explanation for this discrepancy homeostatic mechanism that could allow neurons to may be provided by the different stimulation paradigms adjust the synaptic strengths of the remaining synapses used in the two studies. On one hand, the local superfuto optimal levels within their dynamic range. At this point sion approach (Engert and Bonhoeffer, 1999), by which it remains to be seen whether the functional downregulaall nonsuperfused parts of the dendrite are silenced, is tion of synaptic strength can be attributed-entirely or quite different from local stimulation which leaves the in part-to the observed loss of spines and potentially whole dendrite in its normal state of activity. On the other synapses. Still, the fact that APV can block LFS-induced hand, the difference between TBS (used in the present LTD at Schaffer collateral/CA1 synapses (Dudek and study) and "pairing" (used in the previous study) might Bear, 1992; Mulkey and Malenka, 1992), as well as LFSalso account for at least part of the numerical difference induced spine loss, suggests that both phenomena are in newly generated spines. closely related.
Moreover, the spine growth that we observe here and A further notable parallel between LFS-induced spine its magnitude agrees well with a recent study by Jourloss and LTD is their age-dependent decline. shown that newly generated spines-albeit not by an the slice culture under our experimental conditions, alactivity-dependent paradigm-entail the formation of ulthough we find this unlikely, since single spines are trastructurally mature synapses. retracted while others remain stable for many hours.
Our study shows that spines cannot only be formed Moreover, this baseline loss is much less pronounced de novo but that they can also be retracted in an activityin older slice cultures, suggesting a developmental dependent way. This suggests that the functional plaschange in the stability of spines and their ability to unticity of LTP and LTD is mirrored by bidirectional mordergo activity-dependent retraction. phological plasticity. It is tempting to speculate that The spine loss might also be explained in the context these morphological changes might be used to stabilize of a hypothesis originally put forward with respect to functional changes to make them more permanent. It synaptic strengthening and weakening (Cooper, 1973) should be kept in mind, however, that there are other rather than with spine generation and spine loss. Evipotential functions for these morphological changes, dently, the creation of new spines (or stronger synapses) and further experiments will be needed to determine has to be counteracted by some homeostatic mechatheir role. The fact that both "positive" and "negative" nism to prevent saturation. One way to achieve this is morphological changes occur in concert with their functo have a general unspecific loss of spines (or synapse tional counterpart suggest that they have an important strength; Cooper, 1973; Palm, 1982) to ensure that the role in shaping neural connections. average number of spines (or average synapse strength) is maintained. Whether and how such a mechanism is Experimental Procedures regulated is an interesting question on its own; however, it is beyond the scope of the present paper. It is thus only very rarely observed the appearance of new filo-NaH 2 PO 4 , 1.25 mM; NaHCO 3 , 26 mM; glycine, 0.05 mM; and pyruvate, at a later time point and did not reappear for the duration of the experiment. These three categories were sufficient to fully describe 1 mM. The temperature was maintained at 35ЊC, and the pH was 7.4. In some control experiments, 50 M APV was bath applied for the "behavior" of the spines that we observed under these experimental conditions. No attempt was made to quantify possible shape 45 min (30 min before and throughout LFS).
or size changes of spines. Rather, we focused on those changes that were all-or-none and that were well within the resolution of Electrophysiology TPLSM. To confirm the spine count statistics, 10 out of the 43 Patch pipettes were used for electrical stimulation. They were filled experiments were selected at random and subjected to a recount with 3 M NaCl and 10 mM of the fluorescent dye calcein immobilized by an operator blind to the experimental conditions. This analysis in agar. A chlorided silver wire was used to pass brief current pulses yielded qualitatively the same results. 
